The active-site aspartic acid residue, Asp-362, of Escherichia coli citrate synthase was changed by site-directed mutagenesis to Glu-362, Asn-362 or Gly-362. Only very low catalytic activity could be detected with the Asp-+Asn and Asp-.Gly mutations. The Asp Glu mutation produced an enzyme that expressed about 0.8 % of the overall catalytic rate, and the hydrolysis step in the reaction, monitored as citryl-CoA hydrolysis, was inhibited to a similar extent. However, the condensation reaction, measured in the reverse direction as citryl-CoA cleavage to oxaloacetate and acetyl-CoA, was not affected by the mutation, and this citryl-CoA lyase activity was the major catalytic activity of the mutant enzyme. This high condensation activity in an enzyme in which the subsequent hydrolysis step was about 98 % inhibited permitted considerable exchange of the methyl protons of acetyl-CoA during catalysis by the mutant enzyme. The Km for oxaloacetate was not significantly altered in the D362E mutant enzyme, whereas the Km for acetyl-CoA was about 5 times lower. A mechanism is proposed in which Asp-362 is involved in the hydrolysis reaction of this enzyme, and not as a base in the deprotonation of acetyl-CoA as recently suggested by others.
INTRODUCTION
Citrate synthase (EC 4.1.3.7) belongs to an important group of enzymes that catalyse the formation of a new carbon-carbon bond. The availability of the complete amino acid sequence (Bloxham et al., 1981 (Bloxham et al., , 1982 and the X-ray crystal structure (Remington et al., 1982) of the pig heart enzyme has led to the identification of three potentially important conserved residues for catalysis, namely His-274, His-320 and Asp-375. Despite the absence of a crystal structure for Escherichia coli citrate synthase, both the gene sequence (Ner et al., 1983) and the chemically determined amino acid sequence (Bhayana & Duckworth, 1984) are available. Although the overall amino acid identity between the pig and E. coli enzymes is only 27 %, there is a high conservation of sequence in the active-site regions, enabling three equivalent active-site residues, His-264, to be identified, and suggesting that the two enzymes operate through similar mechanisms.
The reaction catalysed by citrate synthase is particularly suited to a detailed analysis using site-directed mutagenesis because the overall process has been suggested to involve three partial reactions that are experimentally measurable. These reactions are: (a) generation of a carbanion or equivalent from acetyl-CoA by base abstraction of a proton (Eggerer, 1965) ; (b) nucleophilic attack of the carbanion of acetyl-CoA on oxaloacetate to produce citryl-CoA; (c) hydrolysis of citryl-CoA to produce citrate and CoA. Incubation of citrate synthase with the 'presumptive' intermediate citryl-CoA under appropriate conditions allows the monitoring of the hydrolytic reaction (c), as well as the reverse reaction to produce acetyl-CoA and oxaloacetate (Srere, 1963; Bayer et al., 1981; Lohlein-Werhahn et al., 1983) .
In a preliminary study we investigated the role of the activesite aspartic acid residue in E. coli by the replacement of this residue by glycine. This mutation produced a protein that was catalytically incompetent owing to the inability of the protein to bind carboxymethyl-CoA, a presumptive transition-state analogue of acetyl-CoA (Handford et al., 1988) . In the present paper we investigate the role of this aspartic acid residue in more detail, and in particular we study properties ofthe conservative mutation in which this residue is replaced by glutamic acid. This particular mutation highlighted the role of the active-site aspartic acid residue in the hydrolysis reaction and showed that the residue was not catalytically involved in the condensation reaction to produce citryl-CoA.
During the course of this work two independent publications have appeared on the pig heart enzyme that implicate this aspartic acid residue directly in the condensation step (Karpusas et al., 1990; Alter et al., 1990) . Because the enzymes from pig heart and E. coli have conserved active-site residues they should operate via similar catalytic mechanisms. If this assumption is accepted then the mechanism proposed by these authors is not supported by our results. (Handford et al., 1988) . Citryl-CoA was prepared and purified as described by Lohlein & Eggerer (1980) .
EXPERIMENTAL

Site-directed mutagenesis
A 2.1 kb Sacl-Sall fragment from plasmid pDB2 (Ner et al., 1983) was subcloned into bacteriophage M13 mpl9 before oligonucleotide-mediated mutagenesis (Zoller & Smith, 1983) and enrichment for mutants by the method of Kunkel (1985) . The following mutagenic primers, purified as described previously (Taylor et al., 1990) , were used: mpl (Asp-362 to Glu-362), 5'-CCGAACGTCGAATTCTACTCT-3'; mp2 (Asp-362 to Asn-362), 5'-CCGAACGTCAATTTCTACTCT-3'; mp3 (Asp-362 to Gly-362), 5'-ACGTCGGTTTCTACT-3'. In each case the Abbreviations used: DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid).
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Vol. 280 mutated genes were resequenced with the use of specific primers before transfer of the coding region, as an SacI-BglIl fragment, to pDB2. Plasmids specifying the mutant and non-mutant forms of citrate synthase were then introduced into the recombinationdeficient E. coli strain DEK15, which carries a deletion in gitA, the structural gene for citrate synthase (Walsh & Koshland, 1985) .
Purification of wild-type and mutant citrate synthases A 2-litre volume of L-broth containing ampicillin (25 ,g/ml, final concentration) was inoculated with 1 ml of an overnight culture of E. coli DEK15 containing pDB2 and incubated with forced aeration at 37°C for 24 h. Bacteria were isolated and the enzyme was purified as described previously (Handford et al., 1988) except that cells were broken by using a French press. Enzyme fractions eluted after DEAE-cellulose ion-exchange chromatography were further purified by f.p.l.c. on a Pharmacia Mono-Q column.
Enzyme assays
The DTNB assay of citrate synthase (Srere, 1963) and its partial reactions (enolization, citryl-CoA hydrolysis and citrylCoA cleavage) have been described previously (Handford et al., 1988) . All spectrophotometric assays were performed at room temperature in a total volume of 0.8 ml with a Hitachi U2000 spectrophotometer. In (Eggerer, 1965) . Although the rate of the exchange reaction is 1.4 x 105-fold slower than the rate of the overall reaction (Singh et al., 1970) and requires the 'incorrect' stereoisomer of malate as a presumptive analogue of oxaloacetate, its occurrence has been taken as evidence that the first step in the citrate synthasecatalysed transformation involves a deprotonation reaction. from studies with the DTNB-reactivity of the proteins. E. coli citrate synthase contains seven free thiol groups, one of which will react with DTNB in the absence of denaturing agents (Faloona & Srere, 1969) . We observed enhanced DTNB-reactivity of this single group for both the D362N and D362G mutants but not for the D362E protein ( (Wiegand & Remington, 1986) . Binding of substrates to wild-type and mutant forms of E. coli citrate synthase Because the D362E mutant enzyme showed significant catalytic activity, it was possible to measure the Km values for oxaloacetate and acetyl-CoA. The oxaloacetate Km values were 36.7 + 14 and 56.5 + 9.9 /LM for wild-type and mutant enzymes respectively, indicating that the change from aspartic acid to glutamic acid did not impair oxaloacetate binding. However, the Km for acetylCoA was significantly lower in the mutant enzyme, being 71.8+1.7 /M as compared with 345+7.7 /tM for the wild-type enzyme, and highlights a possible role of this aspartic acid residue in acetyl-CoA binding as well as catalysis. We have shown previously that replacement of this aspartic acid residue by glycine produced a protein that was unable to bind carboxymethyl-CoA (Handford et al., 1988) .
DISCUSSION
Three active-site residues have been assigned roles in catalysis of citrate synthase, and the residues are conserved in all species of citrate synthase so far investigated. In the pig heart enzyme, for which the crystal structure is available, these residues are His-274, His-320 and Asp-375, and the corresponding residues in the enzyme from E. coli are His-264, His-305 and Asp-362. Since alignment of the two sequences shows that virtually every residue that is thought to lie in the vicinity of the active site is conserved, it is therefore assumed that both enzymes operate by a similar mechanism. However, it should be borne in mind that in the absence of a crystal structure for the E. coli enzyme the possibility remains that it operates by a different mechanism. Although the role of His-320 has been clearly identified from the crystal structure of the pig heart enzyme as the group responsible for protonating the carbonyl group of oxaloacetate during the condensation reaction, the role of the other groups in catalysis, particularly Asp-375, remains elusive. We have previously identified the involvement of the aspartic acid residue in the binding of acetyl-CoA by mutation of this residue in the E. coli enzyme to a glycine (D362G) (Handford et al., 1988) . However, such a drastic mutation failed to demonstrate any differential effect on the various partial reactions of citrate synthase. Moreover, subsequent studies indicated that the gltA gene is only partially deleted in E. coli W620, the host strain originally employed (Handford et al., 1988 (Clark et al., 1988) , and it should be noted that all these reactions proceed with inversion of stereochemistry (Hanson & Rose, 1975; Floss & Tsai, 1979) . However, this type of mechanism has been excluded in the case of the analogous reaction catalysed by malate synthase (Clark et al., 1988) , where a stepwise mechanism involving enolate formation is proposed.
The results involving analysis of the partial reactions run contrary to the recent proposals by Karpusas et al. (1990) based on examination of the crystal structure of an enzyme-substrateinhibitor complex involving the presumptive transition-state inhibitor carboxymethyl-CoA. They proposed a mechanism for the pig heart enzyme involving (pig heart numbering) as the base in the initial enolization of acetyl-CoA required for the condensation reaction (Scheme 2) while His-274 protonated the 525 Y+ carbonyl oxygen atom of the thioester. In addition, mutation studies with the pig heart enzyme in which the effects of the mutation on the overall reaction were investigated (Alter et al., 1990) were also used to support a mechanism directly involving the aspartic acid residue as the base in the enolization step (Scheme 2). In an alternative mechanism (Wilde et al., 1990 ) the role of these two groups has been reversed, with the aspartic acid residue facilitating enolization by protonation of the carbonyl oxygen atom of the thioester.
N.m.r. and Fourier-transform i.r. studies on the pig heart enzyme have identified considerable polarization of the carbonyl group of enzyme-bound oxaloacetate in the absence of the second substrate (Kurz et al., 1985; Kurz & Drysdale, 1987) . Such a polarization with the development of positive charge on the carbonyl carbon atom of oxaloacetate would stabilize the developing carbanion character of the acetyl-CoA and facilitate deprotonation of acetyl-CoA by His-264 and formation of a new carbon-carbon bond with oxaloacetate. The formal reversal of this process would allow cleavage ofcitryl-CoA back to substrates (Scheme 1). The n.m.r. studies (Kurz et al., 1985) clearly demonstrated further polarization of the carbonyl carbon atom of oxaloacetate in the presence of carboxymethyl-CoA, and they proposed that this enhanced polarization resulted from stabilization ofthe positive charge on the carbon atom by the negatively charged carboxylate group of carboxymethyl-CoA. Scheme 1 supports this proposal and the enolate structure envisaged by these workers (Kurz & Drysdale, 1987 As yet no evidence is available to support either of these alternatives. However, the availability of the D362E mutant citrate synthase in which the final hydrolysis is greatly inhibited may assist to resolve these two possibilities. Wiegand & Remington (1986) highlighted the movement of this aspartic acid residue in the pig heart crystal structure as the protein conformation changed to its closed hydrolysis form. In that paper they suggested that the aspartic acid residue was involved in the hydrolysis reaction and suggested that movement of the aspartic acid residue prevented the enzyme from hydrolysing acetyl-CoA before condensation was complete. Our results indicate that the primary role of this residue is in hydrolysis and add support to the concept that conformational changes during catalysis prevent premature thioester hydrolysis.
In summary, we have established that the active-site aspartic acid residue is involved in the hydrolysis step of the reaction catalysed by E. coli citrate synthase, a conclusion that is consistent with the speculations by Wiegand & Remington (1986) and Wilde et al. (1990) . We suggest that the general mechanism should be applicable to other enzymes that catalyse this type of reaction.
